Path integration is an evolutionarily conserved strategy that allows an organism to maintain an internal representation of its current location by integrating over time a movement vector representing distance and direction traveled^[@R4]--[@R7]^. Place cells and entorhinal grid cells have been implicated as key components of a path integration system in the mammalian brain^[@R20]--[@R22]^. We recorded place cells from area CA1 ([Extended Data Fig. 1](#F4){ref-type="fig"}) in 5 rats as they ran laps on a 1.5 m diameter circular track. The track was enclosed within a planetarium-style dome where an array of three visual landmarks was projected onto the interior surface to create an augmented reality environment ([Fig. 1a](#F1){ref-type="fig"},[b](#F1){ref-type="fig"}). In contemporary virtual reality systems^[@R3],[@R23]--[@R25]^, head- or body-fixed rats fictively locomote on a stationary air-cushioned ball or treadmill. Notwithstanding the flexibility of these systems to manipulate the visual experience of the animal, we built the dome apparatus to instead more completely preserve natural self-motion cues, such as vestibular, proprioceptive, and motor efference copy. This system enabled us to test the *a priori* hypothesis that manipulating the animal's perceived movement speed relative to the landmarks results in a predictable recalibration of the path integration gain.

To create the visual illusion that the animal was running faster or slower, the array of landmarks was rotated coherently as a function of the animal's movement speed. Movement of the landmarks was controlled by an *experimental gain*, *G*, which set the ratio between the rat's travel distance with respect to the landmarks (landmark reference frame) and its travel distance along the stationary circular track (laboratory reference frame) ([Fig. 1c](#F1){ref-type="fig"}). Recording sessions began with *G* = 1 (Epoch 1), a control condition with landmarks held stationary, so that the rat traveled the same distance in both the landmark and lab frames ([Fig. 1d](#F1){ref-type="fig"}). The gain was then ramped over the course of multiple laps (Epoch 2) to values less than or greater than one. For *G* \< 1, the landmarks moved at a speed proportional to (but slower than) the rat in the same direction; hence, the rat ran a shorter distance in the landmark frame than in the lab frame. For *G* \> 1, the landmarks moved in the opposite direction; hence, the rat ran a greater distance in the landmark frame than in the lab frame. In Epoch 3, *G* was held at a steady-state target value (*G*~*final*~). In some sessions, the landmarks were then extinguished (Epoch 4) to assess whether the effects of gain adjustment persisted in the absence of the landmarks.

Under gain-adjusted conditions, CA1 units (mean 7.2 ± 5.8 S.D. units/session) tended to fire in normal, spatially specific place fields when the firing was plotted in the landmark frame, but not when plotted in the lab frame ([Fig. 1e](#F1){ref-type="fig"}). The strength and continuity of visual cue control over the place fields is highlighted by special cases of *G* ([Fig. 2](#F2){ref-type="fig"}). As *G* was ramped down to 0, the place fields became increasingly large in the lab frame, eventually spanning multiple laps ([Fig. 2a](#F2){ref-type="fig"}; [Supplementary Video 1](#SD3){ref-type="supplementary-material"}), but they maintained normal spatial selectivity in the landmark frame ([Fig. 2b](#F2){ref-type="fig"}). At *G* = 0, the animal's position became locked to the landmark frame, as the landmarks moved in precise register with the rat. Consequently, a unit that was active at that moment would typically remain active throughout Epoch 3, (e.g. yellow unit, [Fig. 2a](#F2){ref-type="fig"}); in contrast, a unit that was inactive at that moment would typically remain silent throughout Epoch 3 (e.g. red unit, [Fig 2a](#F2){ref-type="fig"}). When *G* was clamped at integer ratios such as *3/1* ([Fig. 2c](#F2){ref-type="fig"}) or *1/2* ([Fig. 2e](#F2){ref-type="fig"}), the units maintained the typical pattern of one field/lap in the landmark frame, while firing at the expected periodicity such as 3 times per lap ([Fig. 2d](#F2){ref-type="fig"}) or every other lap ([Fig. 2f](#F2){ref-type="fig"}) in the lab frame. Remapping events sometimes caused different populations of place cells to be active at different times. For example, place cells active during the initial part of the session sometimes went silent (loss of field; [Fig. 2e](#F2){ref-type="fig"}, yellow unit), and place cells silent during the initial part of the session sometimes began firing at a preferred location (gain of field; [Fig. 2e](#F2){ref-type="fig"}, red unit). The remapped cells exhibited normal place fields only in the landmark frame. These examples illustrate that the landmark array exercised robust control over the place fields, outweighing any subtle, local cues on the apparatus as well as nonvisual path integration cues, such as vestibular or proprioceptive cues.

To quantify the degree of landmark control over the population of recorded place cells, we developed a novel decoding algorithm that was robust to the remapping events described above. We estimated the gain, *H*~*i*~, for each individual unit, *i*, by measuring its spatial frequency (i.e., the frequency of repetition of its spatially periodic firing pattern). The median value of *H*~*i*~ over all simultaneously recorded active units during a given set of laps was taken as a population estimate of the *hippocampal gain*, *H*, for those laps. Just as *G* quantifies the ratio between the rat's travel distance in the landmark frame versus lab frame, *H* quantifies the ratio between the rat's travel distance in the internal hippocampal "cognitive map" frame^[@R1]^ versus the lab frame. An ensemble coherence score for each unit was computed as the mean value over the session of \| 1 - *H*~*i*~ / *H* \|, measuring the deviation of *H*~*i*~ from *H* (Methods). The distribution of coherence scores ([Fig. 2g](#F2){ref-type="fig"}) shows that *H*~*i*~ was within 2% of *H* for 80% (399/500) of individual units, and deviations greater than 5% were rare. Even when individual cells remapped, they still exhibited spatial periodicity at gain factors *H*~*i*~ that were close to *H* (see red and yellow units in [Fig. 2c](#F2){ref-type="fig"}). Hence, the population of place cells acted as a rigidly coordinated ensemble from which a precise estimate of *H* could reliably be computed, despite occasional remapping by some place cells.

The degree of cue control in each session was quantified by the mean ratio *H/G* for Epochs 1--3 of a session; a ratio close to 1 indicates that the cognitive map was anchored to the landmark frame (i.e., *G = H*). The majority of sessions (83.33%) exhibited *H/G* near 1, but the rest showed substantially larger ratios (*H/G* \> 1.1) indicating loss of landmark control ([Fig. 2h](#F2){ref-type="fig"}; [Extended Data Fig. 2](#F5){ref-type="fig"}). For sessions with *H/G* \< 1.1, the spatial information per spike in the landmark frame far exceeded that in the lab frame ([Fig. 2i](#F2){ref-type="fig"}). Further quantitative analyses was restricted to these sessions demonstrating 'landmark control'. These results indicate that the augmented reality dome was successful in producing the desired illusion by strongly controlling the spatial firing patterns of the hippocampal cells in the majority of sessions ([Extended Data Figs. 3](#F6){ref-type="fig"}, [4](#F7){ref-type="fig"}).

Despite strong cue control in the majority of sessions, place fields nonetheless tended to drift systematically by a small amount against the landmark frame on each successive lap ([Extended Data Fig. 5](#F8){ref-type="fig"}; also visible in [Figs. 2a](#F2){ref-type="fig"},[c](#F2){ref-type="fig"},[e](#F2){ref-type="fig"} and [3a](#F3){ref-type="fig"},[b](#F3){ref-type="fig"}) leading to total drifts of up to \~80° over the course of a session. The direction of this bias was consistent with a continuous conflict between the dynamic landmark reference frame and a path-integration-based estimate of position (although we cannot rule out the possible contribution of subtle uncontrolled external cues on the track or in the laboratory). That is, when path integration presumably undershot the landmark-defined location systematically (*G* \< 1), the place fields shifted slightly backwards in the landmark frame; conversely, when path integration overshot the landmarks (*G* \> 1), the place fields shifted forward. The shift may reflect a conflict resolution that is weighted heavily, but not completely, in the direction predicted by the landmark frame.

Given the apparent influence of path integration on place cells, revealed by systematic place-field drift despite strong landmark control, we tested whether anchoring of the cognitive map to the gain-altered landmark frame induced a recalibration of the path integrator that persisted in the absence of landmarks. Such recalibration would be evidenced by a predictable change in the hippocampal gain *H* when visual landmarks were extinguished ([Fig. 1d](#F1){ref-type="fig"}, Epoch 4). The baseline hippocampal gain *H* was measured for each animal after extinguishing landmarks in sessions where the rat ran \~30 laps with stationary landmarks (*G* = 1). As expected, the baseline value of *H* was close to 1 (range 0.997 -- 1.036). In subsequent gain manipulation sessions, if the path integrator circuit were unaltered, one would expect the place fields to revert to the lab frame (*H* ≈ 1) when landmarks were extinguished, as in the baseline sessions. Alternatively, if the path integrator gain were recalibrated perfectly, one would expect that the place fields would continue to fire as if the landmarks were still present and rotating at the final experimental gain (i.e., *H* ≈ *G*~*final*~). We found that the hippocampal representation during Epoch 4 was intermediate between these extremes ([Fig. 3a](#F3){ref-type="fig"},[b](#F3){ref-type="fig"}; [Supplementary Video 2](#SD4){ref-type="supplementary-material"}): there was a clear, linear relationship between *G*~*final*~ and the hippocampal gain *H* estimated during the first 12 laps after the landmarks were turned off ([Fig. 3c](#F3){ref-type="fig"}). Moreover, this linear relationship was maintained when *H* was estimated during the next 12 laps [Extended Data Fig. 6f](#F9){ref-type="fig"}). The values of *H* for the first and second 12 laps were highly correlated ([Fig. 3d](#F3){ref-type="fig"}) with a slope near 1 (1.03). Thus, *H* was stable over at least 18 laps (i.e., the middle of the second estimation window). Despite this overall stability, there were still fluctuations in *H* in the absence of landmarks ([Fig. 3e](#F3){ref-type="fig"}, [Extended Data. Fig. 6](#F9){ref-type="fig"}). We tested whether changes in behavior could account for the hippocampal gain recalibration by computing several behavioral measures for each epoch ([Extended Data](#S2){ref-type="sec"}, Behavioral Analysis). Multiple regression analysis showed that *G*~*final*~ strongly predicted *H*, whereas the behavioral variables had negligible influences on *H* ([Extended Data Table 1](#T1){ref-type="table"}).

Using a novel augmented reality dome apparatus, we show here that the path integration system employs a modifiable gain factor that can be recalibrated to a new value that can remain stable for at least several minutes in the absence of salient landmarks. Recalibration of this nature has been described extensively in other systems. The cerebellum plays a key role in recalibration of feedforward motor commands^[@R26]^. Similarly, the gain of the vestibulo-ocular reflex adapts to changes in the magnitude of retinal slip caused by magnifying glasses, an effect that persists even after the glasses are removed^[@R27]^. As with our own results, the recalibration is not perfect in these motor adaptation tasks; i.e., the gain measured after the training trials are biased towards, but not precisely the same as, the experimental gain implemented during the training trials. To our knowledge, such gain recalibration has not been demonstrated physiologically in cognitive phenomena such as spatial representation and path integration (but see^[@R15]^). The lack of complete recalibration may be due to an insufficient number of training laps during Epoch 3, or may reflect inherent limits on the plasticity of the path integrator gain variable.

It is widely accepted that visual landmarks provide a signal to correct error that accumulates during path integration^[@R28]^. The results in this paper demonstrate physiological evidence for a role of vision in the path integration computation itself by providing an error signal analogous to retinal slip in the VOR^[@R27]^. Specifically, this error signal fine-tunes the gain of the path integrator^[@R15]^, minimizing the accumulation of error in the first place. Although recalibration of the path integrator gain may be expected over developmental time scales, these results indicate that the path integration gain is fine-tuned even at behavioral time scales. This fine-tuning may be required to (a) maintain accuracy of the path integration signal under different behavioral conditions (e.g., locomotion on different surfaces that provide varying degrees of slip and cause alterations in the self-motion inputs to the path integrator); (b) synchronize the different types of self-motion signals (e.g., vestibular, optic flow, motor copy, or proprioception) thought to underlie path integration; and (c) coordinate the discrete set of different path integration gains thought to underlie the expansion of grid scales along the dorsal-ventral axis of the medial entorhinal cortex^[@R12],[@R29],[@R30]^. The recalibration might be implemented by changes to the head direction^[@R31]^ or speed^[@R32],[@R33]^ signals that provide input to a path integration circuit. Alternatively, these representations may be unaltered and the gain changes are implemented by changing the synaptic weights between the inputs and putative attractor networks that perform the path integration^[@R9]--[@R11],[@R13]^. The augmented reality system described here will allow the investigation of mechanisms underlying the interaction between external sensory input and the internal neural dynamics at the core of the path integration system.
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![Representative histology.\
Coronal slices from the five rats used in this study. Arrows point to tetrode tracks in different stages of advancement towards CA1. Note that these are not always the termination of these tetrodes, simply one section along their tracks. In one animal (Rat 576), the histology was inconclusive due to poor fixation and slice quality; however, we determined that the tetrodes were correctly placed in CA1 by the medio-lateral placement of the bundle, tracks in the few sections that we could analyze, and features in the EEG signals observed during recording (e.g., sharp wave/ripples). In one animal, (Rat 638), two of the most medial tetrodes (not shown) appeared to record from the fasciola cinereum, rather than CA1.](nihms-1518499-f0004){#F4}

![Examples of failure of landmark control.\
**a**, (top) Experimental gain, *G* (blue), and hippocampal gain, *H* (yellow), for Epochs 1--3 of a session where *G*~*final*~ was 0.231. Note that the two curves overlap until \~lap 40, when they start to diverge. (middle) Spikes from three putative pyramidal cells (colored dots) in the lab frame. Alternate gray and white bars indicate laps in the lab frame. (bottom) The same spikes in the landmark frame. At the point of landmark control failure, the place cells stop firing at a particular location in the landmark frame, and instead start drifting in both lab and landmark frames. Alternating gray and white bars indicate laps in the landmark frame. **b**, Second example, from a different animal, for a session where *G*~*final*~ was 0.1 (same format as (a)). **c-e**, Trajectory of hippocampal gain, *H*, for three rats for all sessions where landmark control failed. The hippocampal gain generally starts near 1 and then diverges from the experimental gain trajectory (not shown) during the session.](nihms-1518499-f0005){#F5}

![Gain dynamics during each experiment.\
Each plot represents data from a single experiment. The x-axis is the laps that the rat ran in the lab frame (on the table) and the y-axis is gain. The black scale bar in each plot indicates 10 laps. The applied experimental gain (blue) is plotted with the hippocampal gain estimate (red). The ramp rate, length of epochs and final experimental gain for each session can be observed from the curves. An asterisk indicates experiments with loss of landmark control (gain ratio greater than 1.1; see [Fig. 2h](#F2){ref-type="fig"}). In the other plots, the blue and red curves overlap indicating control of landmarks over the place fields. Number of units that passed acceptance criteria (Methods) in each session is indicated in the bottom right hand corner of each plot.](nihms-1518499-f0006){#F6}

![Summary of dataset.\
Each row indicates one of the 72 sessions composing the dataset during the period when the landmarks were on. In the left plot, the x-axis is laps in the lab frame. In the right plot the x-axis is experimental gain, *G*. The sessions are chronologically ordered (bottom to top). Sessions from different animals are separated by dashed lines. In all rats, we typically performed smaller manipulations in *G* first, since initial landmark failure tended to occur at larger manipulations of *G*. Once landmark control failed, it tended to fail more frequently. The color represents the ratio between hippocampal and experimental gains (*H/G*, color bar, right). Green (*H*/*G* = 1) indicates landmark control. Four of the rats (576, 637, 638, 692) experienced landmark failure (red portions of trials). Failures only happened when the *G* was less than one (i.e., the landmarks moved in the same direction as the rat) and generally occurred at low values of *G* (less than 0.5) and after rats had experienced multiple gain manipulation sessions over days. The asymmetry in landmark control between *G* \< 1 and *G* \> 1 is similar to a study of medial entorhinal cortex by Campbell and colleagues^41^. In this study, mice ran on a VR linear track controlled by a stationary treadmill, and the authors manipulated the gain factor between distance traveled on the treadmill versus the VR track. Grid cells showed asymmetric responses to increases versus decreases of the gain. Gain increases (i.e., G \> 1) caused phase shifts in the spatial firing patterns but gain decreases (i.e., G \< 1) caused changes in the spatial scales. These results were elegantly explained by a model of how grid cells respond to conflicts between self-motion and landmark cues. Although this paper did not address the issues of path integration gain recalibration as in the current study, its results may provide a causal explanation for the asymmetric responses of place cells to the landmark manipulations seen in the present study.](nihms-1518499-f0007){#F7}

![Slow drift of place fields against landmarks.\
**a**, Example of positive drift. (top) Experimental gain, *G* (blue), and hippocampal gain, *H* (yellow), for Epochs 1--3 of a session in which *G*~*final*~ was 1.769. There is no *H* (yellow) in the first or last 6 laps due to the 12-lap sliding window. (middle) Spikes from one putative pyramidal cell (blue dots) in the lab frame. Figure format is the same as in [Figure 2](#F2){ref-type="fig"}. (bottom) The same spikes in the landmark frame. The unit was silent for the first 12 laps but developed a strong place field in the landmark frame that slowly drifted in the same direction as the animal's movement over the course of the session. **b**, Example of negative drift from a session in which the *G*~*final*~ was 0. In the landmark frame, the slow drift was in the direction opposite to the animal's movement direction. Note that the unit was completely silent in Epoch 3, because the rat was not in the place field of the unit as *G* reached 0. **c**, Drift over the entire session vs. *G*~*final*~. Each point represents an experimental session. Linear fits are shown for each individual rat (colored lines) and for the combined data (black line; n = 55 sessions, Pearson's r~53~ = 0.64, p = 1.5 × 10^−7^). The two example sessions of (a) and (b) are shown with the circled markers. **d**, Drift rate vs. *G*~*final*~. Although the magnitude of drift is correlated with the final experimental gain (*G*~*final*~), as shown in (c), a confound is present because the ramp duration in Epoch 2 depends on the value of *G*~final~ (e.g., for *G* \> 1, the larger *G*~*final*~ is, the more laps required to ramp *G* up to that value). It is thus possible that the correlation between the total drift and *G*~*final*~ is due to the differences in Epoch 2 duration (and, in some experiments, Epoch 3 duration) rather than due to different rates of drift that depend on *G*. To control for the effect of trial duration, we calculated drift rate by dividing the total drift by the total number of laps in the landmark frame over which the drift was computed. Linear fits are shown for each individual rat (colored lines) and for the combined data (black line; n = 55 sessions, Pearson's r~53~ = 0.54, p = 1.9 × 10^−5^). The two example sessions of (a) and (b) are shown with the circled markers. These results show that the drift rate was related to the value of *G*~*final*~.](nihms-1518499-f0008){#F8}

![Dynamics of recalibration.\
**a-e**. The complete hippocampal gain (*H*) dynamics for all 5 rats for trials that exhibited landmark control. (The gain dynamics for Rat 692 is also shown in the main text, [Fig. 3e](#F3){ref-type="fig"}.) In the left panels for each rat (color), *H* is plotted as a function of laps run in the lab frame. Sessions are aligned to the instant when the landmarks were turned off (denoted as lap 0). In the presence of landmarks, (before lap 0), the hippocampal gain tracked the experimental gain profiles during a given session (not shown). After the landmarks turned off, the traces largely maintained their recalibrated gain, while also showing some variable drift across experiments. Note that for each rat, for experiments in which *G* = 1 (i.e., the landmarks did not move), the value of *H* was close to 1 when the landmarks were extinguished. The right panels for each rat show the gain trajectories of all the units in the dataset. The gray scale represents the number of active cells with gains falling in a given bin (bin size is 5° for laps axis and 0.01 for gain axis). These graphs demonstrate the high degree of coherence of the hippocampal population, as almost all cells shared the same gain with minimal deviation. The light-colored lines that occasionally deviate from the main trajectories arise from the small number of cells with poor spatial tuning or from cells that remapped. In the latter case, because our spectral gain analysis used a window of 12 laps, these remapped cells continued to show artefactual values for the limited number of laps that fall in this window but during which the cell was silent. As can be seen, these exceptions had negligible influence on the median population gain values. **f**, Sustained recalibration. Comparison of *G*~*final*~ (x-axis) and *H* computed using laps 13--24 (i.e., the value of *H* at lap 18) after the landmarks were turned off (y-axis). Sessions for each rat are plotted in different colors, along with the perfect recalibration line (dashed line, black) and a linear fit (solid line, black; n = 27 sessions, Pearson's r~25~ = 0.85, p = 2.04 × 10^−8^). The number of data points is lower than in [Fig. 3c](#F3){ref-type="fig"} because some experiments ended prior to lap 24. **g**. Histogram of coherence scores (same format as [Fig. 2g](#F2){ref-type="fig"}) for units firing during Epoch 4 (landmarks off). The shape of the histogram is very similar to [Fig. 2g](#F2){ref-type="fig"}. Almost all units had a coherence score below 0.1, indicating that the place fields acted as a coherent population in sessions with (blue) and without (pink) landmark control in Epochs 1--3, even after landmarks were turned off. Units with coherence score above 0.1 (range 0.11 -- 0.41) were combined in a single bin (17/336 units).](nihms-1518499-f0009){#F9}

![Path integration gain recalibration is also demonstrated by hippocampal interneurons.\
**a**, (top) Experimental gain, *G* (black) and hippocampal gain, *H* (yellow) for Epochs 1--4 of a session where the *G*~*final*~ was 1.769. *H* was computed as usual from putative pyramidal cells (Methods, Estimation of Hippocampal Gain). In Epoch 4, landmarks are off and hence there is no *G*. (middle) Spatiotemporal rate map of one putative interneuron in the lab frame. Due to the high firing rate of interneurons, rate maps are more illustrative than the spike plots used in place cell examples. Each horizontal bin represents a lap in the lab frame, similar to the alternating gray and white vertical bands in the place cell examples (e.g. [Fig. 2 a](#F2){ref-type="fig"},[c](#F2){ref-type="fig"},[e](#F2){ref-type="fig"}). Each vertical bin spans 3° in the lab frame. (bottom) Rate map of the same unit in the landmark frame. Each horizontal bin represents a lap in landmark frame, and each vertical band spans 3° in landmark frame. Note that the firing pattern is preserved across laps until Epoch 4, when the landmarks turn off. **b**, Example of putative interneuron in a session where *G*~*final*~ was 0.846. Same format as (a). **c**, Histogram of coherence score between interneurons and putative pyramidal cells, as in [Fig. 2g](#F2){ref-type="fig"}. The score for each putative interneuron is computed as the mean value of \| 1 -- *I / H* \| over the entire session, where *I* is the spectral gain estimated from the interneuron, and *H* is the hippocampal gain computed as usual from putative pyramidal cells. Units with coherence score above 0.1 (range 0.15--0.24) were combined in a single bin. **d**, *H* estimated using the first 12 laps after landmarks were turned off, using the median of estimates from putative pyramidal cells compared to the median of estimates from putative interneurons. There are only 5 data points since these are the subset of sessions in [Fig. 3c](#F3){ref-type="fig"} with simultaneously recorded putative interneurons and place cells.](nihms-1518499-f0010){#F10}

![Illustration of spectral decoding scheme.\
In the dome, as visual landmarks are presented and moved at an experimental gain *G*, the rat encounters a particular landmark every 1/*G* laps (the spatial period). If the place fields fire at the same location in the landmark reference frame, the cell's firing rate exhibits a spatial frequency of *G* fields/lap. **a**, Illustration of place field firing for three values of hippocampal gain, *H*. **b**, Data from a session in which *G* was gradually increased from 1 to 3 (top) as in Epoch 2 of our experiments. The spectrogram of one unit is shown at the bottom, with the color denoting the power at a given position and frequency. A clear set of peaks in the spectrogram emerges at spatial frequencies corresponding to the experimental gain and at its harmonics. We use a custom algorithm to trace these peaks (Methods, Estimation of Hippocampal gain) and estimate the gain for each unit. The hippocampal gain, *H*, is estimated by taking the median spatial frequency across all isolated units (*H*~i~ for the i^th^ unit) for a given session. Note that this method does not require that cells display single, sharply tuned place fields, as it works for cells with multiple fields as well as for interneurons ([Extended Data Fig. 7](#F10){ref-type="fig"}). **c**, Reproduction of [Fig. 3b](#F3){ref-type="fig"}, along with addition panel at the bottom that represents the same spikes in the "hippocampal frame;" that is, the spikes were plotted in the frame of the landmarks as if they were rotating at the calculated gain of the place cell map (the hippocampal gain, *H*). The shaded vertical bars denote each lap in the hippocampal frame. Fields from all three units are horizontally aligned in this panel during all epochs, indicating that the spectral decoding technique was successful and that the place fields acted as a coherent spatial representation within the hippocampal frame. **d**, Reproduction of [Extended Data Fig. 2a](#F5){ref-type="fig"}, along with additional hippocampal gain panel at bottom. In this dataset, it can be seen that even after 'failure' of landmark control of place fields, the fields are still coherently firing at the same hippocampal gain, which we are able to estimate using spectral decoding.](nihms-1518499-f0011){#F11}

###### 

Results of behavioral analyses

                             Mean vel (°/sec)   Pauses/lap    Pause Duration (s)   Interpause Interval (s)   Interpause Distance (°)   *G*~*final*~
  -------------------------- ------------------ ------------- -------------------- ------------------------- ------------------------- --------------
  *Mean (S.E.M.)*                                                                                                                      
  Epoch 1                    24.6 (0.7)         0.9 (0.2)     8.8 (1.0)            55.8 (8.2)                887 (136)                 \--
  Epoch 2                    25.2 (0.9)         1.0 (0.1)     6.5 (0.5)            61.8 (18.0)               1119 (399)                \--
  Epoch 3                    25.0 (1.0)         1.5 (0.2)     8.8 (1.0)            26.3 (3.5)                461 (79)                  \--
  Epoch 4                    24.2 (1.0)         1.5 (0.3)     9.2 (0.8)            34.9 (9.4)                531 (125)                 \--
  Epochs 3--1                0.4 (0.5)          \*0.5 (0.2)   0(1.5)               \*−29.6 (7.9)             \*−426 (121)              \--
  Epochs 4--3                −0.8 (0.4)         0.1 (0.2)     0.3 (1.3)            8.6 (9.8)                 69 (134)                  \--
  *Multiple regression*                                                                                                                
  [EDOCh 4 - EDOCh 3]{.ul}                                                                                                             
  β                          −0.01              0             0                    0                         0                         0.65
  S.E.                       0.01               0.02          0                    0                         0                         0.05
  [EDOCh 3 - Epoch 1]{.ul}                                                                                                             
  β                          0.01               −0.01         0.01                 0                         0                         0.66
  S.E.                       0.01               0.03          0                    0                         0                         0.05

Two-sided Wilcoxon Signed Rank tests were performed on the differences between values in Epochs 3 and 1 and Epochs 4 and 3 with null hypothesis that the difference = 0. Pauses/lap (*n* = 37 sessions; *p* = 0.035); Interpause Interval (*n* = 37 sessions; *p* = 0.001); Interpause Distance (*n* = 37 sessions; *p* = 0.003). All other tests for Epochs 3--1 and Epochs 4--3 were not significant
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![Dome apparatus, experimental procedure, and sample data.\
**a**, Semi-transparent illustration of the dome apparatus. **b**, Photo of the apparatus. The dome is raised to allow visualization of the interior, but it is lowered as in (a) for the experiment. **c**, Illustration of experimental gain *G*. From the same initial positions of the landmarks and rat, three gain conditions are shown, in both lab (top) and landmark (bottom) frames of reference. In each case, the rat runs 90° in the lab frame. **d**, Profile of gain change and epochs during a typical session. An annular ring is always projected at the top of the dome (as shown in (a)) for illumination purposes, and is not turned off even in Epoch 4. **e**, Representative firing rate maps for five different units from five separate gain manipulation sessions, shown in the lab frame (top, middle rows) and landmark frame (bottom row) during Epoch 3 (constant experimental gain). Plots in the top row are color scaled to their own individual maximum firing rates; middle and bottom row plots are color scaled to the maximum firing rate of the bottom plot of each pair.](nihms-1518499-f0001){#F1}

![Control of place fields by landmarks.\
**a**, (top) Profile of experimental gain, *G*, for Epochs 1--3 of a session where *G*~*final*~ was 0. (middle) Colored dots show the location of the rat in the lab frame (y axis) as a function of cumulative distance traveled on the track (x axis) when spikes from 3 units (red, blue, yellow) were recorded. Alternate gray and white bars indicate laps in this frame. (bottom) The same spikes in the landmark frame. Alternate gray and white bars indicate laps in this frame. The yellow unit fired weakly during the first 8 laps, became stronger on laps 9--10, and maintained the strong field in the landmark frame throughout the remainder of the session. During the last landmark-frame lap, the unit fired in a field that spanned \~1080° (3 laps) in the lab frame (middle). **b**, Rate maps of the red unit in lab and landmark frames for Epoch 2 of the trial shown in (a). The firing rate is low and diffusely distributed (on average) in the lab frame, whereas there is a well-defined place field in the landmark frame. **c**, Epochs 1--3 of a session where the *G*~*final*~ was 2 (same format as (a)). In Epoch 3, all three units maintain normal spatial firing in the landmark reference frame, but they have 3 fields/lap, separated by 120°, in the lab frame. **d**, Rate maps of the red unit for Epoch 3 of the trial shown in (c). **e**, Epochs 1--3 of a session where the *G*~*final*~ was 0.5. Remapping occurred near the transition between Epoch 2 and Epoch 3, as the previously silent red unit became active and maintained a stable place field in the landmark frame. In the lab frame, however, the unit fired every other lap, (i.e., it was active on the gray laps and silent on the intervening white laps). **f**, Rate maps for the red unit for Epoch 3 of the trial shown in (e). Separate rate maps are shown for the odd- and even-numbered laps in the lab frame. **g**, Coherence of the population response. The n = 500 units acted as a coherent population in sessions with (blue, 411/500) and without (pink, 89/500) landmark control (see panel h). Units with coherence score above 0.1 (range 0.12 -- 0.47) were combined in a single bin (29/500 units). These cells generally displayed poor spatial tuning and therefore did not admit a reliable estimate of hippocampal gain. **h**, Landmark control ratio. In most sessions (blue, 60/72), the landmark control ratio was \~ 1. Sessions with gain ratio above 1.1 (range 1.16 -- 4.02) were combined in a single bin (pink, 12/72). **i**, Spatial information scores in the lab and landmark frames for each rat (sessions with n = 12, 3, 17, 15, 29 units) are significantly different (two-sided paired *t*-test, n = 5 rats, t~4~ = 6.213, p = 0.0034). Small dots represent scores from individual units. Mean (large dots) ± s.e.m. are shown.](nihms-1518499-f0002){#F2}

![Recalibration of place fields by landmarks\
**a**, Example of positive recalibration. (top) Experimental gain, *G* (blue) and hippocampal gain, *H* (yellow) for Epochs 1--3 of a session in which the *G*~*final*~ was 1.769. (middle) Spikes from three putative pyramidal cells (blue, red and yellow dots) in the lab frame. (bottom) The same spikes in the landmark frame. When the landmarks were turned off (dashed line, Epoch 4), *H* remained close to *G*~*final*~, shown by the slower drift of the place fields in the landmark frame compared to the lab frame. (During Epoch 4, the landmark frame was defined assuming the gain was *G*~*final*~ even though landmarks were off.). Note that the traces of *H* (yellow) deviate from *G* (blue) prior to the landmarks turning off; this is an artifact of the sliding window used in the spectrogram and does not affect the conclusions (see Methods, Visualizing *H*). **b**, Example of negative recalibration. The *G*~*final*~ was 0.539. **c**, Recalibration of place fields. The x-axis is *G*~*final*~ and the y-axis is *H* computed using the first 12 laps (i.e., the value of *H* at lap 6) after the landmarks were turned off. Linear fits for each animal (color) and for the whole data set (black) are shown (n = 45 sessions, Pearson's r~43~ = 0.94, p = 3.4 × 10^−21^), along with the perfect recalibration line (dashed line, black). Note that the linear fit passes close to the origin, showing that *H*≈1 when the landmarks were extinguished after baseline control experiments. **d**, Stability of recalibration. Comparison of *H* during laps 1--12 vs. *H* during laps 13--24. The linear fit is shown in black. (n = 27 sessions, Pearson's r~25~ = 0.96, p = 1.16 × 10^−15^) **e**, Complete gain dynamics for one animal. For all sessions from one rat, *H* is plotted as a function of laps run in the lab frame. All the sessions are aligned to the instant when the landmarks were turned off (lap 0). The recalibrated *H* was maintained for as many as 50 laps or more.](nihms-1518499-f0003){#F3}
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